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Endogenous Galectin-3 Is Localized in Membrane
Lipid Rafts and Regulates Migration of Dendritic Cells
Daniel K. Hsu1, Alexander I. Chernyavsky2, Huan-Yuan Chen1, Lan Yu1, Sergei A. Grando2 and Fu-Tong Liu1
This study reveals a function of endogenous galectin-3, an animal lectin recognizing b-galactosides, in
regulating dendritic cell motility both in vitro and in vivo, which to our knowledge is unreported. First, galectin-
3-deficient (gal3/) bone marrow-derived dendritic cells exhibited defective chemotaxis compared to gal3þ /þ
cells. Second, cutaneous dendritic cells in gal3/ mice displayed reduced migration to draining lymph nodes
upon hapten stimulation compared to gal3þ /þ mice. Moreover, gal3/mice were impaired in the development
of contact hypersensitivity relative to gal3þ /þ mice in response to a hapten, a process in which dendritic cell
trafficking to lymph nodes is critical. In addition, defective signaling was detected in gal3/ cells upon
chemokine receptor activation. By immunofluorescence microscopy, we observed that galectin-3 is localized in
membrane ruffles and lamellipodia in stimulated dendritic cells and macrophages. Furthermore, galectin-3 was
enriched in lipid raft domains under these conditions. Finally, we determined that ruffles on gal3/ cells
contained structures with lower complexity compared to gal3þ /þ cells. In view of the participation of
membrane ruffles in signal transduction and cell motility, we conclude that galectin-3 regulates cell migration
by functioning at these structures.
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INTRODUCTION
Inflammation is an important process of the immune system
characterized by infiltration of leukocytes into tissue spaces
(Thomas et al., 1999; Germain, 2004; Ma and Pope, 2005).
The initial stages of an innate immune response occur within
hours of a stimulus and consist of infiltration of neutrophils,
closely followed by monocytes and macrophages, spanning a
few days, and then by lymphocytes (Schluger and Rom,
1997; Janeway and Medzhitov, 2002).
Monocytes and macrophages are important in inflamma-
tion, sharing early phagocytic functions with neutrophils to
clear invading organisms or dead tissue and also secreting
factors that recruit and activate other immune cells (Hume,
2006). Monocytes are capable of differentiating into dendritic
cells (DCs), thus serving as a source of progenitor cells
migrating into tissues (Sallusto and Lanzavecchia, 1994;
Piemonti et al., 1995; Palucka et al., 1998). Impediments in
monocyte trafficking will influence immune responses, as
DCs operate as professional antigen-presenting cells and are
crucial components of the immune system, serving as a
required bridge between innate and adaptive immunity. DC
migration to lymph nodes upon induction with antigen is
critical during initial stages of antigen-specific immune
responses (Banchereau et al., 2000).
DCs and macrophages express several proteins during
activation and maturation; among these is galectin-3, a
lectin recognizing b-galactosides (Liu, 2005). Galectin-3 is a
pleiotropic protein with both intracellular and extracellular
functions. In the intracellular domain, this protein has a
number of different functions, including regulation of apoptosis,
whereas in the extracellular domain, it activates cells and
mediates cell aggregation and adhesion to the substratum
(reviewed by Liu (2005), Nakahara et al. (2005), and Hughes
(2001)).
To assist in elucidating the functions of galectin-3, we
have generated a galectin-3 null (gal3/) mouse strain. In
earlier studies of these animals, we observed increased
propensity for cell death in gal3/ macrophages relative to
gal3þ /þ cells upon activation. We also documented reduced
levels of peritonitis in gal3/ mice, compared to gal3þ /þ
animals (Hsu et al., 2000). More recently, we demonstrated
defective macrophage phagocytosis in gal3/ mice (Sano
et al., 2003). In the present study, we found that gal3/ DCs
exhibit impaired cell migration in responses to chemokines
in vitro and to stimuli in the skin in vivo. As DC trafficking to
lymph nodes is a critical process in antigen-specific
inflammation responses, such as contact hypersensitivity
(Larsen et al., 1990; Forster et al., 1999), we detected
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attenuated contact hypersensitivity responses in gal3/
compared to gal3þ /þ mice. Additional studies revealed that
galectin-3 partitions into membrane lipid rafts and galectin-3
deficiency results in structural differences in membrane ruffles,
suggesting that deficiency of this protein in membrane
microdomains may be responsible for impaired DC migration.
RESULTS
Galectin-3 is expressed in bone marrow-derived dendritic cells
Bone marrow cells cultured in the presence of recombinant
mouse GM-CSF (rGM-CSF) were stained for galectin-3 with
antibody and analyzed by flow cytometry. There was a
gradual decrease in the amounts of intracellular galectin-3
during culture of immature dendritic cells (BMiDCs), as
evaluated by flow cytometry, but barely detectable galectin-3
on cell surfaces (Figure 1a, bi). Levels of galectin-3 increased
in DCs driven to maturation by lipopolysaccharide (LPS), and
this was confirmed by immunoblotting analysis (Figure 1a
inset, bi). In BMDCs matured with LPS, expression levels and
composition of gal3þ /þ and gal3/ populations were
comparable (Figure 1bii, iii). In adherent BMiDCs, galectin-
3 was detected by indirect immunofluorescence microscopy
in the cytoplasm, cell membrane, and other subcellular
regions (Figure 1c), but was undetectable in cells if not
permeabilized with detergent (not shown). The specificity of
the anti-galectin-3 antibody was demonstrated by very low
background staining of similarly processed gal3/ BMiDCs
(Figure 1c).
In vitro migration of immature bone marrow-derived dendritic
cells from gal3/ mice is impaired
In a standard chemotactic assay, we observed significantly
reduced migration of BMiDCs from gal3/ mice to macro-
phage chemotactic protein-1 (MCP-1/CCL2) and macrophage
inflammatory protein-1a (MIP1a/CCL3; Figure 2a and b) and
macrophage colony-stimulating factor-1 (not shown). The
influence of galectin-3 on DC migration appeared to be
through intracellular action, because chemotaxis was un-
affected by the presence of 20mM lactose, an inhibitor of
galectin-3 lectin activity, or 20mM sucrose, a control sugar
(data not shown). However, migration of gal3/ BMDCs was
unimpaired when matured for 24 hours in the presence of
2mgml1 LPS (Figure 2c).
In parallel experiments, bone marrow-derived macro-
phages (BMMFs) from gal3/ mice demonstrated impaired
chemotaxis to MCP-1/CCL2 and MIP1a/CCL3 compared to
gal3þ /þ BMMFs (not shown). As BMMFs are adherent, we
employed a nonchemotactic agarose invasion assay, in
which cells were allowed to migrate spontaneously and
randomly below a layer of agarose under normal culture
conditions. BMMFs from gal3/ animals demonstrated
impaired migration, as shown in Figure 2d. Under these
culture conditions, no differences were observed in Annexin
V binding to gal3þ /þ and gal3/ macrophages, thus
excluding the contribution of apoptosis in the observed
differences.
In vivo migration of dendritic cells is impaired in gal3/ mice
We then investigated in vivo cell migration by using BMiDCs
labeled with the fluorescent vital dye DiOC16. Labeled cells
were injected into footpads of gal3þ /þ and gal3/ mice and
the labeled cells in draining lymph nodes were counted 2
days later. Lower numbers of gal3/ than of gal3þ /þ
BMDCs were detected in gal3þ /þ animals, although the
difference was not statistically significant. In gal3/ reci-
pients, the migration of gal3/ BMDCs was significantly
lower than that of gal3þ /þ cells (Figure 3a), suggesting that
defective migration of gal3/ cells occurs in vivo.
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Figure 1. Galectin-3 is expressed in bone marrow-derived dendritic cells. Immature DCs were prepared from bone marrow cultures in the presence of rGM-
CSF, and mature DCs were obtained by additional treatment of immature DCs with E. coli lipopolysaccharide. (a) Galectin-3 levels measured by flow cytometry.
BMiDCs or LPS-matured DCs were treated with Fc-Block and directly processed with anti-galectin-3 antibody for detection of cell surface galectin-3, or fixed,
permeabilized, and incubated with the antibody in the presence of Fc-Block for detection of intracellular galectin-3. Mean fluorescence intensities were
obtained after corrections for nonspecific primary antibody and normalized to levels of galectin-3 relative to J774A.1, obtained concurrently at each time point.
Inset, galectin-3 levels determined by immunoblotting from equivalent cell loads of BMiDCs and mature DCs as above. (b) Flow cytometry for detection of
intracellular galectin-3, CD11c, and class II. (i) Galectin-3, (ii) CD11c, and (iii) class II on BMDCs summarized in (a). Unshaded histogram, antibody control;
shaded histogram, galectin-3 antibody. (c) Galectin-3 detected by indirect immunofluorescence microscopy. Gal3/ and gal3þ /þ BMiDCs were activated with
MCP-1 and processed for visualization of galectin-3 with polyclonal anti-galectin-3 after fixation and permeabilization. Nuclear staining with Hoechst 33342 is
also shown. Images were obtained with an Olympus IX61 with 60 objective (NA 1.2). Bar represents a distance of 10 mm.
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We subsequently measured in vivo migration of endogen-
ous cutaneous DCs in a model in which DCs migrate to
draining lymph nodes in response to stimulus by a hapten,
fluorescein isothiocyanate, which is taken up by DCs. We
noted significantly lower numbers of fluorescein-labeled DCs
in the lymph nodes of gal3/ mice compared to gal3þ /þ
mice at the 6 hour time point, but this defect was overcome
after 24 hours (Figure 3b). We also examined epidermal
sheets from these animals. The morphologies and densities of
epidermal gal3/ and gal3þ /þ DCs were indistinguishable
(Figure 3c) and comparable between the two genotypes
(Figure 3d). Thus, the above results are not due to lower
densities of cutaneous DCs in gal3/ mice.
Gal3/ mice exhibit attenuated responses in a model of
contact hypersensitivity
To evaluate if the defect observed in gal3/ DC motility
results in an in vivo phenotype, we employed an inflamma-
tory model with the hapten oxazalone. As shown in
Figure 4a, ear swelling in gal3/ mice was significantly
lower than in gal3þ /þ mice and this difference was
maintained over the entire period of the assay. We also
compared uptake and processing of antigen by BMiDCs from
gal3/ and gal3þ /þ mice, employing DQ-OVA, a poorly
fluorescent ovalbumin derivative that is converted to highly
fluorescent degradation products upon intracellular proteo-
lytic processing. Figure 4b shows that gal3/ and gal3þ /þ
DCs exhibited parallel increases in enhanced fluorescence,
and the difference between genotypes was not statistically
significant, suggesting the absence of impaired antigen
uptake and processing in gal3/ cells. Furthermore, fluores-
cence intensity distributions were detected in virtually the
same percentage of cells from both genotypes (data not
shown).
Lymph node cell numbers and composition were similar
by flow cytometry in gal3þ /þ and gal3/ mice (Consortium
for Functional Glycomics public data, 2008). Thorough
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Figure 2. Defective in vitro migration of galectin-3-deficient bone marrow-
derived immature dendritic cells and macrophages. Chemotaxis of BMiDCs
from gal3/ and gal3þ /þmice to MCP-1/CCL2 (a) and MIP1a/CCL3 (b) was
assessed in micro Boyden chambers. Each well contained 3 104 cells, and
assays were performed in triplicate. (c) Chemotaxis of BMDCs, matured in
2mgml1 LPS for 24 hours as above, to CCL21. (d) Nonchemotactic migration
of gal3/ and gal3þ /þ BMMF in an agarose invasion assay. Results are
means±SE from one representative experiment of three. *Po0.05;
***Po0.001.
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Figure 3. Impaired in vivo migration of bone marrow-derived immature
dendritic cells from galectin-3-deficient mice. (a) DiOC16-labeled BMiDCs
(2106) from gal3/ and gal3þ /þ mice were injected into contralateral
footpads of gal3þ /þ and gal3/ mice. Fluorescent CD11cþ DCs in inguinal
lymph nodes were counted by flow cytometry 2 days later. Data are
means±SE from one of three experiments. *Po0.05. (b) Fluorescein
isothiocyanate was applied to the lower abdomens of gal3/ and gal3þ /þ
mice, and CD11cþ lymph node cells from digested inguinal nodes were
analyzed by flow cytometry at the indicated periods. At time 0, cells were
isolated immediately after fluorescein application. Data are means±SE from a
representative experiment of two. Four to six mice per genotype were used in
each experiment. **Po0.01. (c) Major histocompatibility complex class IIþ
cells in epidermis from gal3/ and gal3þ /þ mouse pinnae were visualized
by epifluorescence microscopy on an Olympus IX61 with a  20 objective
(NA 0.7). Bars represent a distance of 10 mm. Contrasts were adjusted
identically to improve visibility. (d) Numbers of epidermal DCs from five
contiguous micrograph fields (original magnification 20) are shown for
gal3/ and gal3þ /þ mice, means±SE.
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Figure 4. Galectin-3-deficient mice exhibit reduced contact hypersensitivity
but possess normal antigen-processing capabilities. (a) Mice were treated on
the abdomen with oxazalone and challenged 5 days later on one ear with the
hapten and on the contralateral ear with solvent. Ear swelling was determined
by measurements with a micrometer. Each experiment was performed with 4
or 5 mice per genotype, and data are means±SE of two combined
experiments. *Po0.05. (b) Uptake and processing of poorly fluorescent DQ-
OVA in immature BMiDCs followed by flow-cytometric measurements of
fluorescence at the indicated times. Data are representative of two
experiments.
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histological analyses by immunofluorescence staining with
antibody to major histocompatibility class II antigen con-
firmed similar densities and distribution of DCs in the
paracortical regions of the lymph nodes, and histological
staining detected no architectural deviations in gal3/ versus
gal3þ /þ lymph nodes (data not shown and Hsu et al., 2000).
These results suggest that the impaired hapten-specific
inflammatory response to oxazalone observed in gal3/
mice was not due to defects in lymph node structure or
uptake and processing of antigen.
Immature gal3/ DCs exhibit signaling defects in response to
chemokine
To determine which defects in BMiDCs from gal3/ mice
contribute to impaired migration, we analyzed for phospho-
AKT/PKB, a downstream target of PI3K activated by ligation
of chemokine and cytokine receptors (Curnock et al., 2002;
Hawkins et al., 2006). We observed significantly decreased
levels of phospho-AKT in cells from gal3/ mice compared
to those from gal3þ /þ mice (Figure 5). Levels of pMAPK 1/2
in gal3/ cells were also significantly lower than in gal3þ /þ
BMiDCs. However, levels of phospho-MKK4, which signals
through an alternate pathway (Curnock et al., 2002), were
unaffected in gal3/ cells (data not shown).
Galectin-3 is localized in membrane ruffles of immature bone
marrow-derived dendritic cells
In quiescent cells, galectin-3 was diffusely present in the
cytosol, but the protein was concentrated in membrane
ruffles (arrowheads, green in Figure 6a) in DCs exposed to
chemokines. These staining patterns are intracellular, as
galectin-3 is undetectable in nonpermeabilized cells. Galec-
tin-3 was also concentrated in other regions of the membrane
involved in locomotion, such as lamellipodia (arrows, Figure
6a) and the leading edge of polarized cells. These membrane
structures are enriched in F-actin (Ridley et al., 2003), as
visualized by staining with labeled phalloidin (red in Figure
6a). By employing algorithms for co-localization analyses, we
demonstrated co-dependent staining for galectin-3 and
F-actin by diagonal distribution of pixels along the intensity
dot plot of galectin-3 (green) versus F-actin (red) from all the
DCs (Figure 6b).
Intensity correlation analysis (ICA) is another important
objective measure of co-dependent staining between a pair of
fluorescence channels and involves computation of intensity
changes of corresponding pixels in each channel in relation-
ship to normalized intensities. Output values are expressed as
product difference of the means (PDM; Costes et al., 2004; Li
et al., 2004). By this measure, co-localization of galectin-3
with F-actin is evident, because co-dependent pixel intensity
variations, which appear as predominant positive skewing of
PDM values, were observed for both proteins (Figure 6c). As
shown in Figure 6d, regions of DCs that demonstrate high
PDM values correspond to cell membranes that contain
ruffles. The demonstration by ICA that microscopic co-
staining of galectin-3 and F-actin varies in synchrony strongly
indicates that the two proteins are co-localized.
An additional measure of co-dependence was obtained by
evaluating Pearson’s correlation coefficient (Manders et al.,
1993) for galectin-3 and F-actin staining. A large coefficient
of 0.89 indicates a highly significant correlation between
galectin-3 and F-actin pixel intensity profiles. This is further
supported by large Manders’ coefficients of 0.95 and 0.96 for
M1 and M2, respectively (Manders et al., 1993), which are
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Figure 5. Immature gal3/ DCs exhibit signaling defects in response to
chemokine. Gal3þ /þ and gal3/ BMiDCs were activated with 2.5 mM fMLP
and equivalent cell numbers were harvested at the indicated periods. Cell
lysates were processed for immunoblotting analysis to detect phosphorylated
proteins and total protein. Numbers underneath each panel represent ratios of
normalized phosphoprotein levels in gal3/ cells divided by the
corresponding levels in gal3þ /þ cells.
gal3 F-actin
F-actingal3
Figure 6. Galectin-3 is localized in membrane ruffles of immature bone
marrow-derived dendritic cells. BMiDC motility was induced by adhesion on
fibronectin-coated coverslips and exposure to fMLP. (a) Detection of
intracellular galectin-3 with antibody in the presence of Fc-Block, and F-actin
with labeled phalloidin in the projection image. Fluorescence micrographs
were acquired in permeabilized cells with a  60 objective (NA 1.2) at
intervals of 0.5 mm and deconvolved from optical planes of the entire cell.
Images are contrast enhanced to improve visibility. Arrowheads and arrows
indicate ruffles and lamellipodia, respectively. The bar represents a distance
of 10mm. (b) Diagonal distribution of galectin-3 (green) and F-actin (red)
staining of all optical planes from unenhanced images of the field depicted in
(a) indicates co-dependent pixel intensities. (c) Intensity correlation analyses
of thresholded unenhanced images show pronounced positive skewing of
PDM (product difference of the means, see Materials and Methods) values for
galectin-3 and F-actin, indicative of significant co-localization. (d) Regions of
the cell demonstrating galectin-3 and F-actin co-localization from positive
PDM guidance in (c) are shown. Heat scale, PDM values 0 to þ0.52. Image
is contrast enhanced to improve visibility. Results are representative of two
experiments.
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consistent with the co-localization of galectin-3 with F-actin
and F-actin with galectin-3, respectively. The above analy-
tical procedures avoid cursory assignment of galectin-3 and
F-actin co-localization merely by inspection.
Microscopic detection of galectin-3 in membrane lipid rafts of
immature bone marrow-derived dendritic cells
Many cell surface receptors of growth factors and cytokines
are associated with membrane lipid rafts, which are discrete
domains containing high levels of cholesterol, sphingomye-
lin, and gangliosides (Brown and Rose, 1992; Parton and
Simons, 1995). Membrane regions enriched in lipid rafts can
be visualized with the aid of cholera toxin subunit B (CTB),
which recognizes the raft ganglioside component GM1 (King
and Van Heyningen, 1973; Spangler, 1992). We detected the
presence of galectin-3 in membrane regions that were also
stained with CTB on wild-type BMiDCs migrating on
fibronectin (Figure 7a). As in Figure 6, membrane galectin-3
is located intracellularly and is detected only after permea-
bilization.
To objectively demonstrate co-localization of galectin-3
and CTB, we performed ICA as described above. Co-
dependent changes in staining intensities of galectin-3 (green)
and CTB (red) are evident from diagonal distribution of the
fluorescence pixel intensities (Figure 7b) and further sup-
ported by distinctive positive skewing of PDM values (Figure
7c) for galectin-3 (green) and CTB (red). Co-localization of
galectin-3 with CTB in membrane structures is also indicated
by positive PDM values (Figure 7d). A large Pearson’s
correlation coefficient of 0.93, suggesting significant co-
dependent staining of galectin-3 and CTB, is consistent with
large Manders’ coefficients of 0.97 and 0.95 for M1 and M2,
respectively.
Galectin-3 is present in lipid rafts
We next sought biochemical evidence for localization of
galectin-3 in membrane lipid rafts by using the mouse
macrophage cell line J774A.1. The rafts were isolated in the
presence of Na2CO3 (pH 11), highly stringent conditions that
limit nonspecific association of proteins (Smart et al., 1995).
Immunoblotting analysis demonstrated that galectin-3 was
present in low-density fractions containing lipid rafts (Figure
7e) that are stained positively for flotillin-1, a marker for lipid
rafts (Bickel et al., 1997; Figure 7e). To exclude the possibility
that galectin-3 was present in the raft-enriched fractions, not
as an intrinsic raft protein but bound to raft-associated
glycoproteins through lectin interaction, we performed a
similar isolation in sucrose gradients with the inclusion of
100mM lactose throughout the gradient as an inhibitor of
galectin-3’s lectin activity. Figure 7e shows that galectin-3 is
still present in fractions containing lipid rafts, suggesting that
this protein exists as a raft protein independent of its lectin
activity.
Structural differences in ruffles of gal3/ and gal3þ /þ cells
Cell migration induced by extracellular stimuli involves rapid
membrane reorganization (Gungabissoon and Bamburg,
2003; Ridley et al., 2003). In migrating cells, ruffles are
rapidly formed over cell surfaces and reorganize to form cell
structures that are associated with migration, such as
pseudopods (Zigmond and Sullivan, 1979; Ridley et al.,
2003; Borm et al., 2005). We thus employed quantitative
methods to compare ruffle properties between gal3þ /þ and
gal3/ BMiDCs by using a semiautomated process that
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Figure 7. Galectin-3 is present in lipid rafts of mouse dendritic cells.
BMiDCs were induced with fibronectin and fMLP as in Figure 6. (a) Cells were
incubated with Alexa555-labeled CTB at 12 1C, followed by fixation,
permeabilization, and development for fluorescence detection of intracellular
galectin-3 as in Figure 6. Micrographs were acquired with a  60 objective
(NA 1.2) at intervals of 0.5 mm and deconvolved as described. Projection
images shown are contrast enhanced to improve visualization. The bar
represents a distance of 10 mm. (b) Diagonal distribution of galectin-3 (green)
and CTB (red) staining of all optical planes from unenhanced images of the
field depicted in (a) indicates co-dependent pixel intensities. (c) Intensity
correlation analyses of thresholded unenhanced images show pronounced
positive skewing of PDM (product difference of the means; see Materials and
Methods) values for galectin-3 and CTB, indicative of significant co-
localization. (d) Regions of the cell demonstrating galectin-3 and CTB co-
localization from positive PDM guidance in (c) are shown. Heat scale, PDM
values 0 to þ 0.52. Image is contrast enhanced to improve visibility. Results
are representative of two experiments. (e) Immunoblots for galectin-3 from
fMLP-activated J774A.1 macrophages homogenized in cold Triton X-100
buffer and fractionated on sucrose gradients. Equal protein loads from each
fraction were processed for detection of specific proteins (i) galectin-3,
absence of lactose, and the lipid raft marker flotillin-1; and (ii) galectin-3,
presence of 100mM lactose in the sucrose gradient. High- to low-density
fractions appear from left to right, and the boxed region represents
unfractionated cell lysate. Size markers in kilodaltons are shown. These
results are representative of three experiments.
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provides shape descriptors representing their physical char-
acteristics (Yi and Coppolino, 2006). Surface ruffles were
identified by their characteristic morphology in cells stained
with labeled phalloidin and imaged by deconvolution
fluorescence microscopy (Figure 8a). There were higher
proportions of smaller ruffles and correspondingly lower
proportions of larger structures in gal3/ cells compared to
gal3þ /þ cells, as measured by ruffle area and a related
property, perimeter (Figure 8bi). In addition, ruffles on
gal3/ cells consisted of proportionately higher curl values
than gal3þ /þ cells (Figure 8Bii). This indicates a lower
degrees of ruffle convolution or furcation (Russ, 1990) and
suggests that normal membrane restructuring in gal3/ DCs
is impaired. Two contrasting ruffle structures are exemplified
in Figure 8Aiv. Comparison of ruffles on cells from different
fields among gal3/ or gal3þ /þ cell populations revealed
no significant difference in these parameter values (data not
shown). Thus, gal3/ cells appear to manifest smaller, less
complex membrane structures than gal3þ /þ cells. Restric-
tions in normal ruffle formation on gal3/ cell membranes
may be the basis for the reduced cell motility in gal3/ cells.
DISCUSSION
Our study revealed defective chemotaxis in immature gal3/
DCs, but upon maturation, gal3/ DCs appeared to have
corrected the in vitro migration defect. Impaired migration of
immature gal3/ DCs was also observed in vivo. Impor-
tantly, we observed attenuated contact hypersensitivity to
oxazolone in gal3/ mice compared to gal3þ /þ mice in an
established model employing a hapten antigen. Because
gal3/ DCs are just as capable in antigen uptake and
processing as gal3þ /þ cells (Figure 4b), attenuated contact
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sensitivity observed in gal3/ mice is probably due to
impaired migration of DCs. Our findings suggest that the
earliest migration defect present in immature gal3/ cells
may be responsible for the observed decrease in contact
dermatitis in gal3/ animals. Altogether, these results reveal
an important role for galectin-3 in DC trafficking. Moreover,
we found that immature gal3/ BMDCs exhibited attenuated
signal transduction upon chemokine receptor ligation. In
addition, galectin-3 is associated with membrane ruffles and,
specifically, lipid rafts in migrating cells, and galectin-3
deficiency results in structural differences in ruffles. Our data
suggest that galectin-3 is necessary for the formation of more
complex ruffle structures and may also regulate cell migration
at least in part by regulating the cell membrane architecture.
Variations in DC migration can be caused by differences
in states of cell differentiation and expression levels of
adhesion molecules (Cumberbatch et al., 2000). However,
we have established that impaired cell migration due to
galectin-3 deficiency is not associated with these factors: (1)
there are no differences in the levels of cell activation and
differentiation markers CD11c, CD205, and 33D1 antigen;
major histocompatibility complex class II; and CD86 on
gal3/ and gal3þ /þ BMiDCs; (2) adhesion and immuno-
modulatory molecules CD54 (ICAM-1), CD62L (L-selectin),
and CD169 (siglec-1) and integrins CD11a (aL), CD18 (b2),
CD49c (a3), CD49d (a4), CD51 (aV), and CD61 (b3) are
expressed at comparable levels on gal3/ and gal3þ /þ
BMiDCs; (3) adhesion of gal3/ and gal3þ /þ BMiDCs to
untreated cell culture plastic and culture plastic treated with
collagen type I, fibronectin, and fetal bovine serum is
comparable. Moreover, when gal3/ and gal3þ /þ BMiDCs
are induced to mature in the presence of LPS, surface levels of
the above markers are comparably enhanced in both
populations. Finally, levels of CC chemokine receptor 5
receptor for MIP1a/CCL3 are similar between gal3/ and
gal3þ /þ cells (data not shown).
As recombinant galectin-3 has been shown to serve as a
chemoattractant for monocytes and macrophages (Sano et al.,
2000), galectin-3 secreted by BMiDCs may induce cell
migration in a paracrine fashion. By employing a sensitive
assay, we have found little to no galectin-3 on cell surfaces of
resting DCs. However, we cannot exclude the possibility that
galectin-3 is released by cells exposed to chemokine.
Nevertheless, our observation of the inability of lactose to
inhibit chemotactic migration suggests an intracellular func-
tion for galectin-3 in BMiDC, because the chemoattractant
activity demonstrated for recombinant galectin-3 is inhibited
by lactose (Sano et al., 2000). In addition, the migration
defect in gal3/ BMDCs was noted when engrafted into
either gal3/ or gal3þ /þ animals (Figure 3a), when
engrafted into gal3þ /þ animals, suggesting that the presence
of galectin-3 in the lymphatic environment was unable to
correct this defect, (although this difference in the latter) was
not statistically significant. These results also point to an
intracellular action for galectin-3 in its regulation of cell
motility. Furthermore, we present additional data suggesting
that galectin-3 may contribute to cell migration by function-
ing at the cytosolic side apposed to lipid rafts.
Our observed galectin-3 expression in DC appears to
diverge from a study of human DCs (Dietz et al., 2000) in that
they observed galectin-3 downregulation during culture. We
recognize that human monocyte-derived DCs may be
dissimilar from mouse bone marrow-derived DCs merely
because of species differences. More likely, the differences
could be due to cytokine and maturation stimuli used to
generate the respective cell lines. Human monocyte-derived
DCs were cultured in human serum, GM-CSF, and IL-4 and
matured in the presence of IL-6, tumor necrosis factor-a,
IL-1b, and prostaglandin E2. The mouse DCs we employed
were obtained with GM-CSF in culture with fetal bovine
serum and matured by exposure to LPS.
It is noteworthy that the association of galectin-3 in lipid
rafts was demonstrated with detergent isolates of mouse
macrophages under highly stringent conditions of high pH
(Harder and Simons, 1997) and in the presence of lactose as a
lectin inhibitor. These results suggest that this protein does
not bind to raft components through lectin–carbohydrate
interactions, but likely through protein–protein interactions.
In this regard, galectin-3 has been shown to interact
with a number of intracellular proteins independent of its
lectin properties (Liu et al., 2002), including membrane-
associated proteins, such as K-Ras (Elad-Sfadia et al.,
2004).
Galectin-3 has been shown to be present in lipid rafts in
HeLa cells (Foster et al., 2003) and transformed canine
hematopoietic stem cells (Osterhues et al., 2006), although
the possibility that galectin-3 is associated with glycoprotein
ligands present in raft isolates was not addressed in these
studies. Another member of this family, galectin-4, has been
identified in highly detergent-resistant superrafts of intestinal
microvilli and proposed to function by stabilizing raft
assemblies through high-affinity interaction with sulfated raft
lipids (Hansen et al., 2001; Ideo et al., 2005). Whether
association with lipid rafts is a general property of galectin
family members awaits further investigation.
Closely associated with receptor activation by growth
factors is rapid formation of membrane ruffles over the cell
surface as one of the earliest signs of activation (Bailly et al.,
2000). Ruffles reorganize to form migration-associated
structures at the leading edge of polarized cells (Honda
et al., 1999) and pseudopods (Zigmond and Sullivan,
1979), and this is subsequently followed by activation of
signal-propagating molecules (Leblanc et al., 1998). In
this regard, we detected atypical distribution of smaller
ruffles with lower complexity on gal3/ cells relative
to gal3þ /þ cells (Figure 8). Lipid rafts have been documented
to be involved in motility (Simons and Toomre, 2000;
Manes et al., 2001; Pike, 2003; Gomez-Mouton et al.,
2004) and are present in close proximity to membrane ruffles
(Boyer et al., 2004) and at the leading edges in filopodia and
lamellipodia (Manes et al., 2001; Gomez-Mouton et al.,
2004). By being positioned at the membrane within actively
restructuring ruffle domains, galectin-3 may contribute to
stabilization of membrane domains that are critical at the
earliest periods of receptor signal transduction (Wiesner
et al., 2005).
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Our results demonstrating a role for galectin-3 in DC
migration suggest that this protein may be important in
processes in which DCs are contributory, in particular, innate
and adaptive immunity. Our finding that galectin-3 promotes
the intensity of contact dermatitis suggests that this
protein may be targeted for the treatment of this disease, as
well as other inflammatory diseases in which DCs are
involved.
MATERIALS AND METHODS
Reagents
rGM-CSF was a generous gift from Kirin Pharmaceuticals (Tokyo,
Japan). Fluorescence-tagged antibodies were from Jackson Labora-
tories (West Grove, PA), Molecular Probes–Invitrogen or Zymed-
Invitrogen (Carlsbad, CA). Fluorescence-labeled CTB and phalloidin
were from Molecular Probes–Invitrogen. E. coli O111:B4 LPS was
from List Biologicals (Campbell, CA). Monoclonal anti-vinculin
(FVIN-1), collagenase IV, DNase I, FITC, 4-ethoxymethylene-2-
phenyl-2-oxazoline-5-one (oxazolone), and Hoechst 33342 were
from Sigma (St Louis, MO). DiOC16 was purchased from Molecular
Probes–Invitrogen. Galectin-3 antibodies were previously described
(Frigeri and Liu, 1992; Hsu et al., 1992).
The gal3þ /þ and gal3/ mice used were described previously
(Hsu et al., 2000) and are congenic in C57BL/6, backcrossed for over
nine generations. Mice were matched by age and sex in all assays.
All studies were performed according to protocols approved by the
Institutional Animal Care and Use Committee and consistent with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.
Antibodies used in cell phenotyping were CD11a (M17/4),
CD11b (M1/70), CD11c (N418), CD16/CD32 (93), CD18 (M18/2),
CD49d (R1-2), CD51 (RMV-7), CD62L (MEL-14), CD80 (16-10A1),
CD86 (GL1), 33D1, Gr-1 (RB6-8C5), F4/80 (BM8) from eBioscience
(San Diego, CA); CD49a (Ha31/8), CD49c (42), CD54 (3E2), CD61
(2C9 G2), CD169 (E50-2440), CC chemokine receptor 5 (C34-3448)
from BD Pharmingen (San Diego, CA); major histocompatibility
complex class II (28-16-8S) from Caltag Invitrogen (Carlsbad, CA);
and CD205 (NLDC-145) from Serotec (Raleigh, NC). Antibodies to
phospho-AKT, AKT, phospho-MAP1/2, MAPK1/2, and MKK4 were
obtained from Cell Signaling (Danvers, MA).
Bone marrow cultures
BMiDCs were prepared from bone marrow aspirates according to the
described protocols in culture medium containing rGM-CSF at
20 ngml1 (Inaba et al., 1992; Lutz et al., 1999). Nonadherent cells
were transferred to fresh plates after 1 or 2 days in culture, and after
an additional 4–5 days in culture, nonadherent cells were gently
removed by decanting, leaving in place the regenerating foci. Cells
produced from these foci constituted BMiDCs after 10–14 days in
culture. Cell surface expression of CD11c by flow cytometry
routinely demonstrated over 90% population constituency of this
DC marker. BMiDCs were matured by exposure to 2 mgml1 LPS
(E. coli O111:B4) for 24 hours.
BMMFs were prepared as described previously in the presence of
rGM-CSF (Sano et al., 2003) and were harvested on day 5 or 6. Over
90% of the cells obtained by this method routinely expressed CD11b
and had morphological properties characteristic of monocyte/
macrophages in stained cytospins.
Flow cytometry
Before being stained with antibodies, BMiDCs and BMMFs were
incubated with anti-CD16/32 (Fc-Block) to inactivate Fc receptors
according to the manufacturer’s instructions. Incubation with
antibodies was performed in phosphate-buffered saline with 0.5%
(w/v) bovine serum albumin and anti-CD16/32 on ice. Cells were
centrifuged and fixed in 1% (w/v) paraformaldehyde before analysis
on a Beckman Coulter Epics/XL flow cytometer. Data analysis was
performed with FlowJo software (Tree Star, Ashland, OR). Cell
surface and total galectin-3 were measured with Alexa488-con-
jugated polyclonal anti-galectin-3 antibody (Frigeri and Liu, 1992).
Fixed J774A.1 macrophage cells were included for each analysis and
galectin-3 levels in BMDCs were normalized to levels in J774A.1 for
comparative expression analyses.
In vitro chemotaxis
These assays were performed as described (Sano et al., 2000) with
mouse chemokines MCP-1/CCL2, MIP-1a/CCL3, and m-CSF (Pepro-
tech, Rocky Hill, NJ) in the lower reservoir. Assay durations were
90minutes and migrated cells were enumerated after soluble
Wright’s staining. Five high-power fields were averaged in duplicate
or triplicate for each data point.
Subagarose migration assay
Cells were suspended in BMMF culture medium and 2.5 104 cells
were placed into each duplicate or triplicate 3mm well in agarose,
prepared as described elsewhere (Grando et al., 1993). Cells were
cultured for 10 days with daily medium replacement. Migration was
terminated by fixation in 0.25% glutaraldehyde and treated with
Wright’s stain. Migration distance was determined outwardly from
the wall of each 3mm well to edges of migrated cells in triplicate, as
described (Chernyavsky et al., 2004).
In vitro adhesion assays
BMiDCs were incubated in 96-well tissue culture plates coated with
50 mgml1 fibronectin, laminin, collagen type I (Cohesion Technol-
ogies, Palo Alto, CA), or 10% fetal bovine serum in phosphate-
buffered saline, followed by blocking with 100 mgml1 BSA as
described (Humphries, 1998). Gal3/ and gal3þ /þ BMiDCs were
incubated in wells for 0.5, 1, and 2 hours, gently washed with
phosphate-buffered saline, and fixed in paraformaldehyde. Adherent
gal3/ and gal3þ /þ cells were compared by measurement of
absorbance at 600 nm after crystal violet staining (Humphries, 1998).
In vivo migration assays
Wild-type mice were injected with 2 106 gal3/ and gal3þ /þ
BMiDCs labeled with vital dye DiOC16 into contralateral hind
footpads as described (Del Prete et al., 2004). Popliteal lymph nodes
harvested 24 and 48 hours later were treated with collagenase IV and
DNase I and processed for flow cytometry.
Cutaneous DC trafficking to lymph nodes was assayed after
application of FITC in acetone:dibutyl phthalate (1:1, v/v) to shaved
abdomens of mice according to published procedures (Macatonia
et al., 1987). DCs from inguinal lymph nodes were obtained
following collagenase IV/DNase I digestion. FITC-labeled DCs were
analyzed by flow cytometry after staining with phycoerythrin-
labeled anti-CD11c, and cell yields were calculated from numbers
of FITC-stained cells and cell recoveries for each lymph node.
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Cutaneous dendritic cell staining
DCs in epithelial sheets were processed as described (Larsen et al.,
1990), obtained by treatment of pinnae with 0.5 M ammonium
thiocyanate, acetone fixation, and incubation with anti-class II,
followed by FITC-labeled secondary antibody. Images were obtained
with a  20 objective and epithelial DCs were counted from over 40
fields.
Phosphoprotein analyses
BMiDCs were starved in medium containing 0.1% serum for 1 hour
and activated with 2.5 mM formyl peptide (fMLP) at 107 cells per
milliliter at 371C. Aliquots were removed at 0, 5, 10, and 20minutes
after activation, quenched in cold serum-free medium, and lysed.
Protein detection in blots was performed as described (Chen et al.,
2006) with phosphoprotein-specific antibodies or for total protein.
Ratios of gal3/ to gal3þ /þ phosphoprotein were calculated from
laser density scans of the film in the following manner: (gal3/
phosphoprotein/gal3/ total protein)/(gal3þ /þ phosphoprotein/
gal3þ /þ total protein).
Contact hypersensitivity
Contact hypersensitivity was induced with oxazalone as described
(Wang et al., 1997). Solutions of hapten (3%, w/v) prepared in
acetone:olive oil (4:1, v/v) were applied to shaved abdomens of
mice. After 5 days, the mice were challenged on one ear with 1%
oxazalone (w/v) in acetone:olive oil (4:1, v/v) and solvent only on
the other ear. Ear thickness was measured daily for 5 days with a
micrometer and swelling was expressed as percentage of ear
exposed to hapten over ear treated with solvent. Each group
consisted of four or five animals.
Fluorescence microscopy
BMiDCs from 10- to 14-day cultures were adhered and induced on
fibronectin-coated coverslips as described (Spangler, 1992). BMiDC
adhered to cleaned glass coverslips were activated with 1 mgml1
fMLP or 10 ngml1 MCP-1/CCL2 for 20minutes. Cells were
processed for fluorescence microscopy by preblocking with anti-
CD16/32, followed by incubation with primary antibody and cross-
adsorbed Alexa488- or rhodamine Red-X-tagged secondary anti-
body, as described (Sano et al., 2003). F-actin was visualized with
Alexa488-, tetramethylrhodamine-, or Alexa647-conjugated phal-
loidin, and the nucleus was counterstained with Hoechst 33342. For
visualization of lipid rafts, nonpermeabilized cells were incubated
with Alexa488- or Alexa555-conjugated CTB (5mgml1) at 12 1C as
described (Harder et al., 1998), washed, and fixed. Cells were
subsequently processed for antibody and phalloidin detection and
mounted in FluoromountG (Southern Biotech, Birmingham, AL).
Microscopy was performed on an Olympus BX61 with  60 water
objective (NA 1.2), and images were acquired at 0.5 mm intervals
with SlideBook 4.1.12 (Intelligent Imaging Innovations, Denver, CO)
on a PCO Sensicam CCD camera at full resolution (1,374 1,022
pixels). Image deconvolution with the nearest-neighbor algorithm
was performed in SlideBook.
Image analyses
Fluorescence micrographs of macrophages or DCs treated in parallel
were analyzed according to protocols described by Yi and
Coppolino (2006) using ImageJ 1.38u (Rasband, 2007). Co-localiza-
tion analyses were performed according to the Costes and Manders
protocols (Manders et al., 1993; Costes et al., 2004) implemented in
public domain ImageJ plug-ins (Collins, 2007). Measurements of
ruffles were performed from cultures of BMiDCs induced by
adhesion on fibronectin and processed for indirect immunofluores-
cence staining as described. Ruffles on cells labeled with phalloidin
were visualized from projection images of optical sections of entire
cells following nearest-neighbor deconvolution. Ruffle edges were
demarcated following thresholding of Laplacian of Gaussian filtered
projection images (Sonka et al., 1999; Fisher et al., 2004; Yi and
Coppolino, 2006; Meijering, 2007), from which shape descriptors
for ruffles larger than 11 square pixels, previously determined by
inspection to be the smallest area with recognizable ruffle
characteristics, were calculated.
Density centrifugation of macrophage cell lysate
The mouse macrophage line J774A.1 was activated with fMLP as
described above, lysed in cold Triton X-100, and processed for
enrichment of membrane lipid rafts by isopycnic sucrose density
(Brown and Rose, 1992; Harder and Simons, 1997; Brown, 1998)
ultracentrifugation (Beckman NVT90 rotor). As additional raft
concentration by centrifugation was not required, protein concen-
trations in individual fractions were determined by Bradford assay
and immunoblots were performed for detection of galectin-3 and
flotillin-1 with anti-galectin-3 and polyclonal anti-flotillin-1 (Santa
Cruz Biotechnology, Santa Cruz, CA). Equivalent protein loads were
applied to lanes for all experiments.
Statistical analyses
Data were compared by nonparametric statistical analyses by the
Mann–Whitney U-test/Wilcoxon two-group test using JMP (SAS
Institute, Cary, NC) and determined to be statistically significant for
Pp0.05.
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